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, , LES(Large Eddy Simulation)
.
, SGS $\omega$ ,
. ,
SGS SGS . , SGS GS
LES . SGS
LES , , DNS .
2LES(Large Eddy Simulation)
, $k_{d}^{-1}$ grid ,
k . grid scale $(k_{\mathrm{c}}^{-1})$
(subgrid scale modeling). Navier-Stokes ,
$( \frac{\partial}{\partial t}+\nu k^{2})\omega(\mathrm{k},t)=\sum_{\mathrm{p}+\mathrm{q}=\mathrm{k}}^{\Delta}M_{kpq}\omega(\mathrm{p},t)\omega(\mathrm{q},t)$ (1)
$M_{k\mathrm{p}q}=- \frac{1}{2}(\frac{1}{p^{2}}-\frac{1}{q^{2}})(\mathrm{p}\mathrm{x}\mathrm{q})$ (2)
. , lkl\leq k lkl>k ,
$\omega^{<}(\mathrm{k}, t)$ :lkl\leq k (grid-scale) (3)
$\omega^{>}(\mathrm{k}, t)$ : $|\mathrm{k}|>k_{\mathrm{c}}$ (subgrid-scale) (4)
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.Simulation lkl\leq k . lkl>k
. , $\omega^{<}$ , $\omega^{>}(\mathrm{k}, t)$
. $q^{<}(\mathrm{k},t)=0$ , k
,
. $\tilde{q}^{<}(\mathrm{k}, t)$ . (1) ,
$\sum\langle\omega^{*}(\mathrm{k},t)q(\mathrm{k},t)\rangle\frac{1}{k^{2}}\equiv T(k,t)$ (5)
sheu $|\mathrm{k}|$
$q(\mathrm{k}, t)$ (1) . $T(k, t)$
. , $|\mathrm{p}|$ , lql\geq k k<k .
$q^{<}( \mathrm{k}, b)\equiv\sum M_{kpq}\omega^{<}(\mathrm{p}, t)\omega^{<}(\mathrm{q},t)\triangle$ (6)
$\ovalbox{\tt\small REJECT}^{<}(\mathrm{k}, t)$ $=$ $q(\mathrm{k}, t)-q^{<}(\mathrm{k},t)$ (7)




, $T^{<>}$ \mbox{\boldmath $\omega$} . $T^{<>}$ ,
$\tilde{q}^{<}$ .
20ILangevin model
grid scale , grid scale , grid scale
, subgrid scale
$\tilde{q}^{<}$ Navier-Stokes . , $\omega$
, $\tilde{q}^{<}$
. $\tilde{q}^{<}$ (9) . $g_{\omega}(\mathrm{k}, t)$ Gauss ,
.
$\ovalbox{\tt\small REJECT}^{<}$ $(\mathrm{k})$ $=$ $-\zeta(\mathrm{k}, t)\omega^{<}(\mathrm{k}, t)+g_{\omega}(\mathrm{k}, t)$ . (9)
(1)
$( \frac{\partial}{\partial t}+\nu k^{2}+\zeta(\mathrm{k}, t))\omega^{<}(\mathrm{k}, t)$ $=$
$\sum Mkpq\omega^{<}(\mathrm{p},t)\omega^{<}(\mathrm{q}, t)\triangle+g_{\omega}(\mathrm{k}, t)$ (10)
. (10) $\zeta(\mathrm{k}, t)$ subgrid scale , g $(\mathrm{k}, t)$ subgrid scale
. $\zeta(\mathrm{k}, t)$ $(\mathrm{k}, t)$ (10) , (10) subgrid







$\nu$ 1 $\mathrm{x}10^{-4}$ 1 $\mathrm{x}10^{-4}$
$\Delta t$ 5.86 $\mathrm{x}10^{-4}$ 5.86 $\mathrm{x}10^{-4}$
$f_{\omega}(k).1\mathrm{x}10^{2}1\mathrm{x}10^{2}\overline{\overline{\text{ }1\cdot\#\mathrm{f}\mathrm{f}\mathrm{l}J\mathrm{t}_{\overline{7}\wedge-ff}}}$
$\zeta(\mathrm{k}, t)$ $g_{\mathrm{I}d}(\mathrm{k}, t)$ , .
$\zeta(\mathrm{k},t)=\frac{1}{4}\int\int_{\triangle}\prime dpdq$ $\theta_{kpq}(t)[b_{kpq}Q(q,t)+b_{kqp}Q(p,t)]$ (11)
$<g_{\omega}(\mathrm{k},t)g_{\omega}(-\mathrm{k}, s)>$ $=$ $2\delta(t-s)D(k,t)$ , (12)
$D(k,t)$ $=$ $\frac{1}{4}k^{2}\int\int_{\triangle}\prime dpdqa_{k\mathrm{p}q}\theta_{kpq}(t)Q(p,t)Q(q, t)$, (13)
$\pi kQ(k,t)=E(k,t)$ , $<\omega(\mathrm{k},t)\omega(-\mathrm{k},t)>=k^{2}Q(k,t)$ (14)
$\int\int_{\Delta’}dp\phi$ $=$ $\int_{k_{\mathrm{c}}}^{\infty}dp\int_{p-k}^{p}dq$
$\theta_{k\mathrm{p}q}$ $=$ $\frac{1}{\nu(k^{2}+p^{2}+q^{2}+)+\eta(k,t)+\eta(p,t)+\eta(q,t)}$ (15)
$\eta(k,t)=(\int_{0}^{k}k^{2}E(k,t)dk)^{:}C_{0}$ , $C_{0}$ $\underline{\simeq}$ $\sqrt{1.5}$ (16)
($\mathrm{M}\mathrm{L}\mathrm{R}\mathrm{A},\mathrm{K}\mathrm{a}\mathrm{n}\mathrm{e}\mathrm{d}\mathrm{a}1981,\mathrm{G}\mathrm{o}\mathrm{t}\mathrm{o}\mathrm{h}$ et a11988) . $g_{\omega}(\mathrm{k}, t)$
(12) (13) Gauss $(<g_{\omega}>=0)$ . $\mathrm{E}(\mathrm{k})$
, $\theta,$ $D,\zeta$ . k\geq k , (14)
.
, $k_{\mathrm{c}}=k_{d}$ simulation DNS $k_{\mathrm{c}}=$ $k_{d}$ ( $\mathrm{F}\mathrm{f}$)






$\mathrm{N}=1024^{2}$ DNS , DNS
, DNS LES $1\ovalbox{\tt\small REJECT}\epsilon t\varphi$ .
DNS LES , .
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. LES , (11) (13), (15) (16) $\mathrm{Q}(\mathrm{k},\mathrm{t})$ k\geq k
, DNS $\mathrm{Q}(\mathrm{k},\mathrm{t})$ .. LES DNS $k^{2}E(k)$ , DNS LES 2





$\tau=5.3$(turn $\alpha Jer$ time) . LES $k\text{ }=60$ . MLRA
$\nu_{e}=\zeta/k^{2}$ $D(k)$ 1 2 .
, 2 . 2
3 . DNS LES 2
. DNS LES . LES
.
MLRA-LES . k\leq k DNS
$\omega(\mathrm{k})$ , $k\text{ }\leq k\leq k_{\max}$ DNS , Gauss
$\omega_{\alpha}(\mathrm{k})$ 2 . 2
DNS ( 1 DNS ). $k_{c}^{-1}$
, 2 DNS k
, LES , (18)
. 4
2 DNS , MLRA
, 2 MLRA-LES ( 1 LES ,
(18) ). 5 . 4 5
, , 5 k DNS LES , 4
( 6) . LES
.
$\Delta_{2}(\mathrm{k}, t)=\sum_{shell|\mathrm{k}|}<|\omega_{\alpha(I)}(\mathrm{k},t)-\omega_{\alpha(II)}(\mathrm{k},t)|^{2}>$







$\nu_{e}(k|k_{\mathrm{c}}, k_{1})$ $=$ $\nu_{0}+C_{0}H(k-k_{1})$




7 ( $\ovalbox{\tt\small REJECT}$ MLRA, $\ovalbox{\tt\small REJECT}$ ). LES





, DNS MLRA-LES .
$\bullet$ MLRA LES DNS .
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